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On the hypothesis that Doppler ultrasound fails to pen-
etrate prosthetic valves, an in vitro ftow simulation sys-
tem was constructed in a large water tank. Conventional
pulsed, continuous wave and Doppler color ftow systems
were used to detect ftow in tubing placed diagonally
within the water and maintained by a continuous pump.
After control periods of ftowdetection within the tubing,
six different prosthetic valves were interposed on a stage
between the transducer and the tubing.
In comparison with control measurements, detection
of ftow within the tubing was impossible when the Dop-
pler beam traversed the central occluding ball of the
Starr-Edwards Silastic prosthesis by any modality.
Ultrasound energy transmitted into the body is differentially
reflected or attenuated when it encounters a tissue interface
with some of the energy passing through to the next target
(1). All ultrasound imaging and Doppler systems are de-
pendent on the fact that a reflected ultrasound wave signal
of sufficient amplitude reaches the receiving transducer for
appropriate processing to display the image or Doppler in-
formation.
Multiple studies (2-8) have suggested that Doppler echo-
cardiography provides an excellent means for the detection
of prosthetic valve regurgitation or stenosis. Continued ex-
perience with Doppler echocardiography in our laboratory ,
however, has indicated that we have occasionally failed to
detect regurgitant flow through a prosthetic valve when the
valve was interposed between the ultrasound source and the
chamber being interrogated.
The present study was performed on the hypothesis that
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Marked reduction in the detection of the Doppler signal
was noted for the Starr-Edwards stellite prosthesis with
only slight improvement in the ability to detect the ftow
signals through the central occluding discs of the Bjork-
Shiley, Hall-Kastor and St. Jude valves. In distinction
to the other valves, the ability of Doppler ultrasound to
detect ftow behind the cusps of the Carpentier-Edwards
heterograft was similar to that during the control period.
An understanding of ftow masking should improve the
clinical utility of Doppler methods for investigating pros-
thetic valve dysfunction.
(J Am Coli CardioI1987;9:1306-1O)
Doppler ultrasound waves fail to penetrate prosthetic valves
and that this failure results in inability of Doppler systems
to detect flow on the far side of a prosthetic valve when the
Doppler beam must traverse the valve structure. This phe-
nomenon would result in an area where little, or no, Doppler
signal could be detected and result in a flow mask.
Methods
Experimental assembly. A 100 gallon tank was filled
with water left standing 10 days to allow dissolved gas to
escape. The bottom of the tank was lined with sound-ab-
sorbing (SOAB) rubber to reduce ultrasound reverberations
and reflections within the tank. A continuous filter pump
helped to circulate the water and remove particulate matter.
A schematic diagram of the experimental assembly is
shown in Figure 1. A movable stage made from thin nylon
monofilament stretched across a metal frame and suspended
from a ring stand was placed at a range of 10 ern from the
water surface to best simulate the position of a prosthetic
mitral valve in the apical four chamber view.
An in vitro ft.ow simulation system was constructed with
flexible rubber tubing attached to a continuous flow pump
capable of achieving flow rates in excess of 6 m/second.
The pump recirculated a suspension of microballoons acting
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and then the valves were placed alternately on the stage and
the processwas repeated. For the continuouswave Doppler
studies, the transducer was moved along the length of the
tubingfrom left to rightby meansof thetransducermounting
assembly and then the process was repeated with the dif-
ferent valves in place. The color examinations were per-
formed with the transducer fixed in position, the entire tub-
ing visualized and then the valves alternately placed on the
stage.
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Figure 2. Representative continuous wave Doppler spectral ve-
locity examples offlow through the tubing when theDoppler beam
was directed through the central portions of theprosthetic valves.
In comparison with control (con), noflow was detectable through
the Starr-Edwards Silastic ball (panel A) and little flow was de-
tected through the Starr-Edwards stellite ball (panel B). Similarly,
negligible flow was detected through the central occluding discs
of the Bjork-Shiley valve (panelC) or the St. Jude valve (panel
D). The Hall-Kastor central disc allowed detection of compara-
tively more flow (panel E) but because this valve has a central
hole and strut, it could not be determined whether sound passed
through the occluding disc or the hole within it. The best flow
detection was through the cusps of the porcine bioprosthesis
(panel F).
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Results
Conventional Doppler study. During control periods,
flow within the entire length of the tubes was readily de-
tected by all three Doppler modalities. Results of the ability
of the Doppler beam to penetrate the central balls, discs or
cusps of the valves are best shown using the spectral re-
cordings from continuous wave Doppler study (Fig. 2). In
comparison with control measurements, detection of flow
within the tubing was impossible when the Doppler beam
traversed the central occluding ball of the Starr-Edwards
Silastic prosthesis by any modality. Marked reduction in
the detection of the Doppler signal was noted for the Starr-
Edwards stellite prosthesiswith only slight improvement in
the ability to detect the flow signals through the central
occluding discs of the Bjork-Shiley, Hall-Kastor and St.
Figure 1. Schematic diagram of the experimental assembly. For
details, see text.
as strong ultrasound reflectors to provide the maximal Dop-
pler signal possible. The rubber tubing containing the sim-
ulated flow was then tied togetherand positioneddiagonally
across the anticipated field of view from a distance of 4 to
20 cm to simulate variable target ranges behind the pros-
thetic valves placed on the stage. The tubing was firmly
positioned by means of additional ring clamps.
A complex transducer mounting bracket was then placed
on top of the tank to hold any transducer firmly in position
while allowing proper alignment of the interrogating beam
in relation to a valve placed on the stage and the rubber
tubing behind. The transducer was manipulated by means
of turnscrews in the mounting assembly until the stage and
tubing were properly aligned and then the differing valves
were placed on the stage. Proper alignment was verified
before and after each valve was studied.
Ultrasound systems. Doppler interrogations were made
using a Hewlett-Packard n020AU two-dimensional im-
aging deviceequipped with a 2.5 MHz transducerand steer-
able pulsed Doppler cursor for positioning the sample vol-
ume. Continuous wave studies wereobtained with the same
system using the stand-alone continuouswave Pedoff trans-
ducer. Color Doppler studies were performed using an Irex
880 Doppler color flow mapping system operating with a
2.5 MHz transducer. Images were recorded and stored on
videotape for laterplaybackandanalysis. Hardcopyspectral
recordings wereobtainedfor each of the conventional pulsed
or continuous wave interrogations.
Study protocol. Doppler interrogations of the tubing
wereperformedusingconventional pulsed, continuous wave
and Doppler color flow systems. Each experimental run
consisted of control periods of flow detection within the
tubing before, during and after the sequential placementof
each of six different prosthetic valves (Starr-Edwards Si-
lastic ball, Starr-Edwards stellite ball, Bjork-Shiley, Hall-
Kastor, St. Jude and Carpentier-Edwards bioprostheses) on
the stage. Three such sequences were repeated for each
Doppler modality with Doppler and imaging gains and re-
jects held constant.
For the pulsed Doppler examinations, the tubing was
interrogated along its entire position within the field of view
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Jude valves. In distinction to the other valves, the ability
of Doppler ultrasound to detect flow behind the cusps of
the Carpentier-Edwards heterograft was similar to that dur-
ing the control study.
Color flow mapping. The results of Doppler color flow
mapping (Fig. 3) provide a means of more readily visual-
izing the masking effect of each prosthetic valve with the
largest area of masking from the Starr-Edwards valves and
the minimal area (valve sewing ring only) from the heter-
ograft. Further rotation of each valve in the field of view
revealed that masking of flow was evident behind the suture
rings of each valve studied. In addition, replacement of the
Bjork-Shiley, Hall-Kastor and St. Jude valves on the stage
with the occluders in the open position revealed flow in the
tubing previously masked by the closed discs. No flow could
be detected in the area behind the suture ring for any valve
after this manipulation.
Discussion
Doppler flow masking. The results of the present in
vitro study clearly indicate that prosthetic heart valves, when
placed between the origin of the sound beam and the area
being interrogated, have evident and differential flow mask-
ing properties. The Starr-Edwards valves mask large areas
and allow little, if any, penetration of the sound beam behind
the sewing ring and ball. Other valves, such as the Bjork-
Shiley, Hall-Kastor and St. Jude, allow some reduced sound
through the central occluding discs but the returning signal
is excessively weak. The cusps of a heterograft allow proper
transmission of ultrasound, but a flow mask is evident be-
hind the sewing ring, as it is in all other valves.
Once transmitted into the body, some of the energy of
an acoustic wave is reflected at an interface; some is atten-
uated (absorbed) and some continues on into the body where
Figure 3. Left panel, Still frame Doppler color flow mapsof the
tubing during the control period. The arrow marks the level of
the stage. The middle panel shows the profound masking effect
of the Starr-Edwards Silastic prosthesis. The right panel shows
themasking effectof theporcine heterograft thatis virtually limited
to the valve sewing ring.
the process is repeated. Some tissues, such as bone, serve
as very bright reflectors of ultrasound and reflect a great
deal of the transmitted energy back to the transducer making
ultrasound penetration very difficult. Certain other tissues,
such as lung, markedly attenuate the ultrasound, leaving
little energy to be reflected or pass through to image struc-
tures behind lung.
The phenomenon of flow masking behindprosthetic valves
may be explained by the fact that these valves are con-
structed from a variety of materials including metals, plas-
tics and differing types of synthetic cloths or preserved
tissues that likely have widely different acoustic reflective
and absorptive properties. It is not surprising that the bio-
logic tissues contained in a porcine heterograft allow ap-
propriate sound transmission.
There are few clinical data available specifically describ-
ing these phenomena created by prosthetic valves. Johnson
et al. (9) pointed out that the Silastic ball found in some
models of Starr-Edwards valves will significantly reduce the
speed of sound (from 1,540 to 980 m/s) and result in the
distortion of the appearance of the ball by echocardiography.
Echocardiographers are well aware of the many reflections
and reverberations that result from the common use of pros-
thetic valves.
Relation to past studies. It is true that clinical inves-
tigations (2-8) using the views mentioned have demon-
strated prosthetic valve insufficiencies and stenoses. The
results of such Doppler studies and the sensitivities and
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specificities of Doppler detection of abnormal transpros-
thetic valve flows must be understood in the light of the
flow-masking phenomenon. Aside from the study of John-
son et al. (9), it is difficult to find clinical documentation
of the various effects of prosthetic valves on acoustic waves.
When an area of abnormal flow is detected and the Dop-
plei beam does not traverse the prosthetic valve then the
Doppler data are likely correct. When the Doppler beam
traverses a prosthetic valve on its way to an area of interest,
the results may be spurious. The present study indicates that
high velocity flows may, indeed, be present and go unde-
tected by Doppler ultrasound .
Conditions that allow transvalvular transit of Doppler
ultrasound. There are three situations in which flow might
actually be detected within the area of flow masking. First,
because pulsed Doppler sample volume varies in size, de-
pending on distance from the transducer, and is larger at
far ranges (> 10 em) than the system display indicates, it
is possible that a sample volume may belocated immediately
behind a prosthetic valve yet provide an adequate Doppler
signal from flow detected outside the masked area. Pulsed
wave sample volume displays on commercially available
Doppler equipment remain constant in size and are mis-
leading because the actual sample volume is changing de-
pending on its position in the field of view.
Second, valves such as the St. Jude and Hall-Kastor do
allow some penetration of the Doppler signal but the am-
plitude is significantly reduced (Fig. 2). In this setting an
operator may unknowingly increase system gain to over-
come the masking phenomenon .
Third, it is also possible that the central occluding ball
or disc valve fits imprecisely, or the presence of a thrombus,
vegetation or some other growth of tissue may hold the
occluder open and allow ultrasound to pass to and from a
regurgitant jet unimpeded. For valvular stenosis, angulation
of the valve ring and occluder in some tangential position
to the interrogating beam may allow transit of the ultrasound
beam to the far side of the valve.
Clinical importance. The fact that flow masking from
prosthetic valves exists in vitro has great implications for
clinical studies when an interrogating Doppler beam must
be directed through a prosthetic valve with the intent of
detecting disturbed flow on the opposite side. These in vitro
demonstrations of flow masking have resulted in a change
in the conduct and interpretation of Doppler interrogations
of prosthetic valves in our laboratory . Studies are now con-
ducted using transducer positions and views that prevent the
Doppler beam from traversing a valve with a large flow
mask area. For prosthetic valves in the mitral and tricuspid
positions, the apical views are unlikely to be rewarding
because both the left and right atria would be obscured by
the flow-masking phenomenon. Depending on the orienta-
tion of a mitral prosthesis, the left parasternal long-axis view
may also be unrewarding in interrogating the left atrium for
mitral regurgitation . In addition , when an aortic prosthesis
is in place, the entirety of the left atrium may be obscured
to the Doppler beam from the parasternal approach. In these
cases, the subcostal transducer position is the only practical
approach to interrogate the left or the right atrium when
prosthetic aortic and mitral valves are in place.
The apical and parasternal views are generally suitable
for interrogation of prosthetic aortic insufficiency because
the aortic valve is not between the transducer and the area
of interest in the left ventricular outflow tract. It is, however,
possible to obscure prosthetic aortic stenosis from the apical
approach because the abnormal jet may lie behind portions
of the prosthetic valve ring or occluding ball or disc. When
prosthetic aortic stenosis is suspected it is always best to
interrogate from the right sternal border or suprasternal notch.
When proper transducer positions are not available and
the Doppler beam must approach, or pass through, a pros-
thetic valve structure and no abnormal jet is detected, little
can be concluded about the presence or absence of abnormal
flows on the far side of the prosthetic valve. What is cur-
rently assumed to be a minor periprosthetic leak may, in-
deed, be large because the masked area cannot be interro-
gated.
Limitations. It is true that the angle of the Doppler beam
incident to flow will influence the peak velocity detected,
and the tubing in this experiment was not parallel to flow.
The results of this study are based entirely on the detection
of the flow signal and not on the recording of peak velocity.
The signal detected during control periods was of very high
amplitude. In fact, the minimal gain settings were used
throughout so as to not distort the Doppler systems' output.
Because the signals were readily detected during control and
on either side of the masked areas during the experimental
runs it would follow that the angle chosen for the tubing
had no (or at most very little) effect on the results.
In clinical situations, the adequate detection of flow may
result only from interrogation of areas of suspected abnormal
flow from a variety of views. This entire experiment was
repeated multiple times with the tubing and valves in a
variety of positions, orientations and angles, including
placement of the tubing completely parallel to the Doppler
beam. When disc valves were opened, rather than closed ,
and the Doppler beam could traverse unimpeded, the flow
was easily detected. When closed , little or no penetration
of the valves was found except as indicated in the data
presented. The angle of the tubing finally selected for pre-
sentation was chosen because it best illustrates the masking
effects without cumbersome descriptions of the involved
methods.
Little is known about these effects in vivo and this study
presents no such data in patients . A precise alternate stan-
dard to Doppler is difficult to obtain in humans. Cinean-
giography is unsuitable because its images are projected
silhouettes. Regurgitantflows are assessedby dilutionalmeans
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rather than spatial. beat to beat displays as are available
with color Doppler methods. Magnetic resonance imaging
might be an alternative but little experience with this ap-
proach for the imaging of flow is available and no validation
studies between it and Doppler studies exist.
These in vitro findings likely describe the smallest flow
masks possible for the systems and transducers utilized. The
studies were performed in a controlled water tank environ-
ment with verystrongreflectors of the Doppler signal.This
experimental assembly was free from the difficulties of
backscatter. phase aberrations and other phenomena occur-
ring in tissue that distort beam profiles. resolution and alter
system sensitivities. The areas of masking may be larger,
smaller or otherwise variable in the body although no data
are available from the present study to substantiate these
possibilities. The water tank approach used in this study
simply repeats the experimental assembly with which en-
gineers design and evaluate ultrasound systems for clinical
use. In some ways it represents the best possible circum-
stances for acoustic waves to properly detect and record
target and flow data being studied. It does not, however,
mimic the various directions of flow possible in a biologic
setting that may influence the flow-masking phenomenon.
Flow-masked areas are also likely to vary depending on
different beamprofiles that resultfrom thetypeof ultrasound
system utilized. transducer aperture and transmission fre-
quency . For example. dynamically focused phased or an-
nulararrayswill havesmallerbeamprofiles than will single
element mechanical or nondynamically focused phased ar-
rays. For color flow instruments, pulse packet size, clutter
reject setting and other variables may alter the display of
flow.
Conclusions. Further study of the flow-masking phe-
nomenon in vivo is obviously needed. Such studies may
radically alterour perceptions of theabilityof Doppler echo-
cardiography to reliably detectabnormal flows through pros-
thetic valves. It is also possible that native valves that are
heavily calcified or fibrotic. or both. may produce the same
flow-masking phenomenon. In sucha situation. it ispossible
that Dopplermethods may fail to detect a high velocity jet
from a densely calcified aortic stenotic lesion when inter-
rogating only from the apical approach.
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